Listeners were asked to discriminate between two amplitude-modulation functions imposed on white noise and consisting of the sum of two sinusoids. The frequency ratio of the sinusoids constituting each function was 2 or 3. In one function, the sinusoids had a constant relative phase. In the other function, their phase relation was continuously and cyclically changing, at a slow rate. For all listeners, the two functions with a frequency ratio of 2 were easily discriminated. However, discrimination was impossible when the frequency ratio was 3. Simulations were performed using an envelope-detector model and various decision statistics. The max/min statistic predicted discrimination above chance level when the frequency ratio was 3. It seems, therefore, that listeners are unable to use this statistic. In contrast, the crest factor and skewness of the envelope accounted well for the discrimination data.
INTRODUCTION
In a recent study, Strickland and Viemeister ͑1996͒ measured thresholds for the detection of a sinusoidal amplitude modulation ͑AM͒ in the presence of another sinusoidal AM, acting as a masker. The two sinusoidal AMs had different frequencies forming a ratio f 2 / f 1 of 2 or 3, and thresholds were measured as a function of the relative phase of the masker and signal. The two AM components were imposed on a white-noise carrier, so that the long-term spectra of all stimuli were flat. The authors showed that detection thresholds depend upon the phase of the masker modulation for f 2 / f 1 ϭ2, but not for f 2 / f 1 ϭ3. They attempted to account for their findings using a linear envelope-detector model and the following envelope statistics: the variance of the envelope; the fluctuations of the envelope power ͑i.e., the fourth central moment of the envelope͒; the envelope maximum scaled by the rms power or ''crest factor;'' the ratio formed by the maximum and minimum of the envelope or ''max/ min.'' The phase effects could be accounted for by the max/ min statistic. Using the crest factor and the fourth central moment of the envelope, the existence of phase effects was also predicted, but the corresponding effects were not consistent with those actually observed.
For f 2 / f 1 ϭ3, the absence of a phase effect on the signal threshold did not imply that the phase of the signal has no audible effect when the signal is above threshold. Indeed, the relative phase of two sinusoids with a frequency ratio of 3 has a large effect on the shape of their sum when their amplitudes are similar. In the first part of this study, the auditory system's sensitivity to changes in the relative phase of two simultaneous AMs forming a frequency ratio of 2 or 3 was assessed for AM components which, in most conditions, were both clearly detectable. We then looked for an envelope statistic accounting successfully for the overall results.
I. PSYCHOPHYSICAL EXPERIMENT ON AM PHASE DISCRIMINATION

A. Method
Two sinusoidal AMs were simultaneously imposed on a noise carrier. On each trial, the listener was presented with two observation intervals, a ''standard'' interval and a ''target'' interval, randomly ordered. The listener's task was to determine if the target interval was the first or the second. In the standard interval, the amplitude envelope of the noise carrier was of the form
where t is time, m 1 and f 1 , respectively, represent the depth and frequency of the first modulation, f 2 represents the frequency of the second modulation, and 1 and 2 represent the starting phases of each modulation, randomized on each trial. The frequencies f 1 and f 2 were ͓100 Hz, 200 Hz͔, ͓150 Hz, 300 Hz͔, or ͓100 Hz, 300 Hz͔. m 1 ranged from 0 to 0.5. In the target interval, f 2 was increased by a small amount ⌬ f of 0.5 Hz, 1 Hz, or 2 Hz, which was too small to be detected as a change in envelope rate. The equation of the target envelope was then
where 3 and 4 represent the starting phases of each modulation, randomized on each trial like 1 and 2 in Eq. ͑1͒.
The target envelope could be described as the sum of two sinusoids identical in every respect to those forming the standard envelope, but no longer phase locked: in the target envelope, the relative phase of two sinusoids at f 1 and f 2 Hz was continuously and cyclically changing, with a periodicity of 1/⌬ f s ͑i.e., 2, 1, or 0.5 s͒. In consequence of this phase rotation, the target could logically be discriminated from the standard as soon as any phase relation of the two sinusoids was discriminable from any other phase relation. The carrier was a white noise presented at 60 dB SPL. Each stimulus had a total duration of 4 s. A silent pause of 500 ms separated the two stimuli of each trial. After each trial, feedback concerning response accuracy was provided visually. Trials were organized in blocks of 100 during which m 1 , f 1 , f 2 , and ⌬ f were fixed. The stimuli were generated with a sampling rate of 20 kHz, low-pass filtered at 8.0 kHz, and presented binaurally via headphones ͑Stax Lambda Pro͒ in a soundproof booth.
B. Results
Six listeners participated in the experiment. The results obtained with m 1 ϭ0.5 are shown in Fig. 1 . Each of the six listeners was tested for at least 300 trials with ⌬ f ϭ1 Hz. The corresponding data are displayed by gray bars for ͓f 1 ϭ100 Hz, f 2 ϭ200 Hz͔, black bars for ͓f 1 ϭ150 Hz, f 2 ϭ300 Hz͔, and unfilled bars for ͓ f 1 ϭ100 Hz, f 2 ϭ300 Hz]. When f 2 / f 1 was equal to 2, the percentage of correct responses ( P c ) always exceeded 70%. The performance of two listeners, CL and LD, was nearly perfect. For this frequency ratio, the listeners reported that they identified the target stimulus by detecting in it a cyclically emerging-thenvanishing ''buzz'' or ''rattle'' sound. By contrast, when f 2 / f 1 was equal to 3, P c never exceeded significantly the 50%-chance level. Similar results were obtained when ⌬ f was set at 0.5 or 2 Hz instead of 1 Hz for listeners CL and LD ͑see the unfilled circles and squares in Fig. 1͒ .
The effect of m 1 on performance was investigated in listeners CL and LD for ⌬ f fixed at 1 Hz. Figure 2 shows the obtained psychometric functions. Each data point is based on at least 100 trials ͑up to 500͒. The two listeners behaved similarly. For f 2 / f 1 ϭ3 ͑open squares͒, P c did not exceed chance. For f 2 / f 1 ϭ2 ͑closed circles and triangles͒, the results were essentially independent of f 1 and f 2 : for each listener, the chance level was exceeded significantly ͑P Ͻ0.001, binomial test͒ as soon as m 1 reached 0.25.
II. MODELING AM PHASE DISCRIMINATION
We shall attempt here to account for our psychophysical results on the basis of the linear envelope-detector model used by Strickland and Viemeister ͑1996͒.
A. Description of the model
We implemented a computational version of this model consisting of four successive processing stages: ͑1͒ a predetection bandpass filter ͑1st-order Butterworth͒ of 2-kHz bandwidth, centered at 5 kHz; ͑2͒ a half-wave rectifier; ͑3͒ a low-pass filter ͑1st-order Butterworth͒ with a 3-dB cutoff frequency f c ranging between 66 and 250 Hz; ͑4͒ a decision FIG. 1. Results of the psychophysical experiment for m 1 ϭ0.50. The vertical bars show the individual data obtained for ⌬ f ϭ1 Hz. Gray bars: f 1 ϭ100 Hz, f 2 ϭ200 Hz; black bars: f 1 ϭ150 Hz, f 2 ϭ300 Hz, unfilled bars: f 1 ϭ100 Hz, f 2 ϭ300 Hz. The unfilled symbols show the data obtained for ⌬ f ϭ0.5 Hz ͑circles͒ and ⌬ f ϭ2 Hz ͑squares͒.
FIG. 2.
Psychometric functions measured in listeners CL and LD. ⌬ f ϭ1 Hz. Circles: f 1 ϭ100 Hz, f 2 ϭ200 Hz; triangles: f 1 ϭ150 Hz, f 2 ϭ300 Hz; squares: f 1 ϭ100 Hz, f 2 ϭ300 Hz.
device generating a statistic from the output of the low-pass filter.
In the model, the output of the low-pass filter represents the internal envelope ͓e(t)͔ of the stimuli. We considered five statistics of e(t): ͑1͒ the standard deviation ͑͒, that is the second central moment ͑Viemeister, 1979͒; ͑2͒ the skewness, corresponding to the third central moment; ͑3͒ the kurtosis, corresponding to the fourth central moment; ͑4͒ max/ min, i.e., the ratio of the maximum to the minimum of e(t) ͑Forrest and Green, 1987͒; ͑5͒ the ''crest factor,'' corresponding to the ratio of the maximum of e(t) to its rms power ͑Hartmann and Pumplin, 1988͒.
In previous studies on AM detection and discrimination, each envelope statistic was computed over the whole observation interval. This approach assumed that listeners extract a ''global feature'' over the entire stimulus. In the present study, however, the stimuli were much longer ͑4 s͒; they were so long that it seemed a priori unreasonable to make the same assumption. Moreover, listeners reported identifying the target stimulus by detecting in it a cyclically emerging and vanishing ''buzz-like'' sound. Instead of computing a global statistic, listeners certainly extracted ''local features'' based on shorter time intervals. This hypothesis was implemented in the present model by calculating the envelope statistics within adjacent rectangular windows of a short duration ⌬t. The final decision statistic corresponded to the standard deviation of the values calculated within the successive temporal windows.
For a given envelope statistic, Strickland and Viemeister ͑1996͒ set f c so that the detection thresholds for sinusoidal AM approximated the form of the average temporal modulation transfer function of their listeners. They set f c to 70 Hz for simulations using , 150 Hz for simulations using max/min and the crest factor, and 250 Hz for simulations using the kurtosis. In the present study, we tested four values of f c : 66, 150 and 250. For each f c and each envelope statistic, four values of ⌬t were tested: 12.5, 25, 50, and 100 ms.
The simulations were performed using the stimuli and the two-interval, two-alternative forced-choice procedure described in Sec. I. On a given trial, a correct response was obtained if the standard deviation of the calculated statistics was larger for the target stimulus than for the standard stimulus. In each condition, 200 trials were used to estimate the percentage of correct responses. Psychometric functions equivalent to those measured in listeners were obtained for the three frequency pairs ( f 1 , f 2 ).
B. Results
P c simulated using the , and kurtosis statistics were at chance values in all conditions. P c values predicted using the max/min statistic for ⌬ f ϭ1 Hz are presented in Fig. 3 . For comparison, the average psychometric functions measured in listeners CL and LD, and the average performance of the six listeners for m 1 ϭ0.5, are plotted along with the simulated data. Increasing f c generally increased the simulated discrimination performance. For f 2 / f 1 ϭ2 and m 1 ϭ0.5, P c predicted with an f c of 250 Hz and a ⌬t of 25 or 50 ms was close to the average performance of all listeners. However, for f 2 / f 1 ϭ2 and m 1 Ͻ0.5, the predicted P c was always below the performance levels measured in listeners CL and LD. For f 2 / f 1 ϭ3 and m 1 Ͻ0.5, the predicted P c was always close to the chance level, as found for listeners CL and LD. However, for f 2 / f 1 ϭ3 and m 1 ϭ0.5, the predicted P c was always above chance, and exceeded 80% when f c and ⌬t were greater than 66 Hz and 12.5 ms, respectively. In com- parison the average performance for all listeners was at chance level.
The crest factor and the skewness statistics predicted the psychophysical data relatively well only when f c and ⌬t were 150 Hz and 50 ms, respectively. Figure 4 shows the psychometric functions predicted using these statistics with ⌬ f ϭ1 Hz, f c ϭ150 Hz, and ⌬tϭ50 ms. For f 2 / f 1 ϭ3, P c predicted by the crest factor ͑unfilled circles͒ and skewness ͑filled circles͒ statistics never exceeded the chance level. For f 2 / f 1 ϭ2, both statistics generally accounted for the psychophysical data. The discrimination performance predicted by the skewness was greater than that measured in listeners CL and LD when f 1 and f 2 were 100 and 200 Hz, respectively, and matched relatively well the psychophysical data when f 1 and f 2 were 150 and 300 Hz. The discrimination performance predicted by the crest factor matched the average data for listeners CL and LD when f 1 and f 2 were 100 and 200 Hz, but was somewhat lower than that observed psychophysically when f 1 and f 2 were 150 and 300 Hz.
P c was finally simulated for a phase rotation rate of rad/s (⌬ f ϭ0.5 Hz) and 4 rad/s (⌬ f ϭ2 Hz) ͑not shown here͒. Again, when f c is 150 Hz and ⌬t is 50 ms, the crest factor and skewness statistics account rather well for the average discrimination performance of listeners CL and LD measured with frequency ratios f 2 / f 1 of 2 and 3. In contrast, the max/min statistic still predicts that P c should exceed the chance level for f 2 / f 1 ϭ3 and m 1 ϭ0.5.
III. GENERAL DISCUSSION
In our psychophysical experiment, listeners were asked to detect changes in the phase spectrum of temporal envelopes. The task appeared to be easy in some conditions, but surprisingly difficult-and even impossible-in other conditions. Our results tally with the masking data of Strickland and Viemeister ͑1996͒. However, our modeling study questions a conclusion drawn by these authors.
Strickland and Viemeister successfully predicted their masking data with an envelope-detector model which assumed that listeners base their decision on the envelope max/ min ratio; other envelope statistics were markedly less successful. In our study, by contrast, the max/min statistic did not predict listeners' performance when the frequency ratio of the two AM components constituting the temporal envelope was 2, except when the two AM components were of equal amplitude. Moreover, the max/min statistic predicted a sensitivity to phase changes when the frequency ratio was 3; that is, when phase changes were inaudible for all listeners. This result clearly argues against the idea that listeners can compute the max/min statistic. Therefore, it is still not clear which metric can predict phase effects when they are measured with a masking paradigm as in Strickland and Viemeister's experiment. In their modeling study, Strickland and Viemeister computed each envelope statistic over the whole stimulus. In contrast, we calculated each envelope statistic within adjacent temporal windows of a short duration, the final decision statistic corresponding to the standard deviation of the values calculated within the successive windows. One may therefore argue that the differences in simulation results between these two studies originate from a difference in modeling assumptions. However, Strickland and Viemeister ͑and Bacon and Grantham, 1989͒ also assumed that listeners are able to make decisions over short intervals ͑Ͻ100 ms͒ in order to predict the ''negative masking'' effect ͑the improved detectability of a high-frequency AM signal when it is added to a low-frequency AM masker͒. Let us note, in addition, that the discrepancy regarding max/min predictions cannot be explained in terms of differences in range of variation of this statistic.
Unlike max/min, the crest factor and the skewness statistics could be used to predict the present psychophysical data relatively well. Further work is therefore required to differentiate between these two statistics. Our predictions were based on the assumption that, in the auditory system, the temporal envelope of sound stimuli is smoothed by a single low-pass filter. An alternative hypothesis is that temporal envelopes are analyzed by a bank of bandpass ''modulation filters'' ͑e.g., Dau et al., 1997͒ . It remains to be determined if the properties of these filters could explain the perceptua phenomena reported here. FIG. 4 . Psychometric functions predicted by the envelope-detector model with the skewness ͑filled circles͒ and the crest factor ͑unfilled circles͒ statistics, for ⌬ f ϭ1 Hz. Model parameters: f c ϭ150 Hz, ⌬tϭ50 ms. The dashed lines show the average psychometric functions measured in listeners CL and LD. The filled squares show the average data obtained from the six listeners for m 1 ϭ0.5.
